Rad52 is a highly conserved protein involved in the repair of DNA damage. Human RAD52 has been shown to mediate single-stranded DNA (ssDNA) and is synthetic lethal with mutations in other key recombination proteins. For this study, we used single-molecule imaging and ssDNA curtains to examine the binding interactions of human RAD52 with replication protein A (RPA)-coated ssDNA, and we monitored the fate of RAD52 during assembly of the presynaptic complex. We show that RAD52 binds tightly to the RPA-ssDNA complex and imparts an inhibitory effect on RPA turnover. We also found that during presynaptic complex assembly, most of the RPA and RAD52 was displaced from the ssDNA, but some RAD52-RPAssDNA complexes persisted as interspersed clusters surrounded by RAD51 filaments. Once assembled, the presence of RAD51 restricted formation of new RAD52-binding events, but additional RAD52 could bind once RAD51 dissociated from the ssDNA. Together, these results provide new insights into the behavior and dynamics of human RAD52 during presynaptic complex assembly and disassembly.
Homologous recombination (HR)
2 is a conserved pathway for the repair of double-stranded breaks and is important for maintaining genomic integrity (1) (2) (3) (4) (5) (6) (7) (8) . HR involves the exchange of genetic information between homologous DNA molecules and performs crucial roles in the repair of double-stranded breaks (DSBs) (2, 3) , the rescue of stalled replication forks (9, 10) , meiosis (11) (12) (13) , and break-induced replication (14 -16) . DSBs that are left unrepaired can lead to genetic instability and chromosomal rearrangements (1) (2) (3) (4) 8) . Defects in HR have been linked to many genetic diseases and cancer syndromes, such as Fanconi anemia and Bloom syndrome (3, (17) (18) (19) .
Pairing of homologous sequences during recombination requires the action of ATP-dependent DNA recombinases, which are members of the Rad51/RecA family of proteins (20 -22) . These proteins form extended helical filaments on singlestranded DNA (ssDNA), and the resulting nucleoprotein filaments are referred to as the presynaptic complex (20 -22) . The presynaptic complex is a key intermediate in homologous recombination and is necessary to align and pair homologous DNA sequences (20 -22) .
During DSB repair, long 3Ј ssDNA overhangs are generated by nucleases that resect the newly generated dsDNA end in the 5Ј 3 3Ј direction (23) (24) (25) . These ssDNA overhangs are first bound by replication protein A (RPA), which protects the ssDNA from nucleases and also helps remove secondary structures (26, 27) . RPA can inhibit presynaptic complex assembly, but this inhibition is overcome by the action of mediator proteins (22, 28) . Saccharomyces cerevisiae Rad52 is one of the most studied mediator proteins (29, 30) . S. cerevisiae Rad52 is a ring-shaped oligomer (31) that helps load Rad51 on RPAssDNA (32, 33) , binds tightly to ssDNA (31, 34) , and promotes ssDNA annealing (35) (36) (37) . Rad52 also participates in secondstrand capture during the later stages of recombination and promotes the initiation of new DNA synthesis (38, 39) . The profound importance of Rad52 to DNA repair in S. cerevisiae is highlighted by the extreme sensitivity of rad52 mutants to DNA-damaging agents (2, 40, 41) .
Rad52 is highly conserved, and human RAD52 shares many biochemical traits with its yeast counterpart (42, 43) . Like yeast Rad52, human RAD52 also forms ring-like structures (44 -47) , binds tightly to ssDNA, and promotes ssDNA annealing (47) (48) (49) (50) (51) . However, human RAD52 does not have a known mediator activity (42, 43) , and in striking contrast to S. cerevisiae, RAD52 deletions do not produce a strong phenotype in vertebrates (42, 43, 52, 53) . These observations suggested that RAD52 was of lesser importance for DNA repair in higher organisms and that its functions had been overtaken by other proteins, such as BRCA2. However, RAD52 deficiencies are now known to be synthetically lethal with several key human recombination proteins, including BRCA1, BRCA2, PABL2, and the RAD51 paralog XRCC3 (54 -56) . In addition, recent studies have revealed an important role for mammalian RAD52 in promoting DNA synthesis during replication stress (57) (58) (59) . These findings have led to a renewed interest in understanding how human RAD52 functions during DNA repair (42, 60) and have revealed RAD52 as an important target for anticancer therapeutics (60 -64) .
Despite the wealth of information available for S. cerevisiae Rad52, the exact role(s) human RAD52 in homologous recombination remains largely unclear. Here, we use two-color singlemolecule imaging and ssDNA curtains to begin examining the dynamics of human RAD52, RPA, and RAD51 on ssDNA during presynaptic complex assembly. We show that RAD52 binds very tightly to RPA-ssDNA, and the presence of RAD52 restricts facilitated exchange of RPA, highlighting a potential regulatory role of RAD52 that is conserved from yeast to humans. Although most of the bound RAD52 and RPA is displaced upon addition of RAD51, we find that many small RAD52-RPA clusters remain embedded between longer RAD51 filaments. However, RAD52 appears incapable of directly associating with regions of ssDNA that are coated by RAD51, suggesting that RAD52 cannot bind to internal regions of the RAD51 filaments. Together, these data begin to provide new insights into the behavior of human RAD52 during presynaptic complex assembly.
Results

RAD52 binding to ssDNA curtains
We have previously shown that S. cerevisiae Rad52 binds very tightly to ssDNA coated with yeast RPA (65) . Given the high degree of conservation, we hypothesized that human RAD52 should behave similarly. For single molecule visualization, we expressed human RAD52 as fusion construct labeled at the N terminus with GFP. Previous studies have shown that GFP-tagged RAD52 is targeted to repair foci in vivo (66 -69) , and our bulk biochemical assays confirmed that GFP-RAD52 retained the ability promote strand annealing similar to unlabeled RAD52 (Fig. 1, A and B) . GFP-RAD52 was also able to overcome RPA-mediated inhibition of ssDNA at levels comparable with those of unlabeled RAD52 (Fig. 1, C and D) .
We next used ssDNA curtains and human RPA-RFP to mimic the early stages of HR in which the processed 3Ј ssDNA ends are initially coated with RPA (Fig. 2, A and B) (65, 70 -73) . When 50 pM GFP-RAD52 was injected into the sample chambers, we were able to readily detect binding of individual GFP-RAD52 complexes to both RFP-tagged RPA-ssDNA (Fig. 2B ) and also to unlabeled RPA-ssDNA (Fig. 2C) . At the low protein concentrations used in these reactions, the GFP-RAD52 complexes bound as discrete puncta to the RPA-ssDNA. However, when the concentration of the GFP-RAD52 injection was increased to 600 pM, the RAD52 complexes were able to coat the entire RPA-ssDNA molecules (Fig. 2E ). Given these findings, subsequent experiments were conducted at 50 pM GFP-RAD52, unless stated otherwise.
RAD52 binds as discrete complexes
When viewed in real time, we could detect individual GFP-RAD52-binding events on ssDNA bound by either RPA-RFP (Fig. 3A) or bound by unlabeled RPA (Fig. 3B) . In contrast to these results with RPA-ssDNA, we could detect no binding of GFP-RAD52 to a control surface that did not have a tethered ssDNA substrate (Fig. 3C) , confirming that the GFP-RAD52-binding events only occurred on the RPA-ssDNA. We saw no evidence of either cooperative binding as would be evidenced by nucleation and spreading of GFP-RAD52 along the RPAssDNA. Instead, GFP-RAD52 binding always occurred as discrete events (Fig. 3, A and B) . This finding is in contrast to our prior results with S. cerevisiae Rad52, which binds and appears to spread more extensively along the RPA-ssDNA complexes (65) .
We next analyzed both the signal intensity and position distributions of the GFP-RAD52-binding interactions. When examined at the level of single ssDNA molecules, we could readily identify the locations of discrete GFP-RAD52 complexes that bound to the RPA-ssDNA (Fig. 3D) . A binding position distribution histogram confirmed that there was no position or regional specificity for GFP-Rad52 binding to the 
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RPA-ssDNA complexes (Fig. 3E) . Interestingly, the bound GFP-RAD52 visually appeared to have relatively uniform fluorescence signal, which was confirmed by quantitation of the signal intensities for individual GFP-RAD52 complexes (Fig.  3F) . The presence of a single prominent peak in this signal intensity distribution is consistent with the conclusion that GFP-RAD52 was behaving as a relatively well defined entity, rather than a distribution of complexes with vastly different numbers of GFP fluorophores.
RAD52 binds tightly to RPA-ssDNA
We next examined the stability of interactions observed between GFP-RAD52 and the RPA-ssDNA complexes. For this, we examined the GFP-RAD52 bound to RFP-tagged RPAssDNA over a total period of either 12 or 100 min (Fig. 4, A and  B) . In each of these experiments, the laser illumination was shuttered between each frame, and the frame acquisition rates were adjusted such that the total time during which the samples were exposed to laser illumination was identical for each of the two measurements, as previously described (71) . From each of these measurements, we then plotted survival probability for the individual GFP-RAD52 complexes (Fig. 4, C and D) . These experiments revealed a half-life of 29.4 Ϯ 0.56 min for the 12 min observation and 256 Ϯ 10.9 min for the 100 min measurements, and in both cases more than ϳ72% of the GFP-RAD52 remained visible by the end of the measurements (Fig. 4, C and  D) . The similar slopes for these two graphs (Fig. 4, C and D) and the finding that the half-time varies in proportion to laser exposure time indicate that any loss of GFP-RAD52 during these observations could be attributed to photo-bleaching, whereas the complexes themselves are so stable that their binding lifetime must significantly exceed the 100-min maximum duration of our experiments. We conclude that human RAD52, like S. cerevisiae Rad52 (65), binds very tightly to RPA-ssDNA and does not dissociate appreciably for at least Ն2 h.
RPA turnover in the presence of RAD52
We have previously shown that yeast and human RPA can bind ssDNA very stably when free RPA is absent from solution (71) . However, when free protein is present in solution, the bound RPA can undergo rapid exchange between free and bound states through a mechanism called facilitated dissociation (71) . This mechanism involves the existence of microscopically dissociated states of the bound RPA, which lead to macroscopic dissociation only when free RPA is present to compete for the transiently exposed naked ssDNA (71, 74) .
Interestingly, our previous results have shown that yeast Rad52 restricts the ability of RPA to undergo facilitated exchange (65) . To determine whether human RAD52 acts similarly, we conducted RPA exchange experiments with two different substrates: (i) ssDNA-RPA ( Fig. 5A ) and (ii) ssDNA-RPA bound by RAD52 (Fig. 5B ). In the first scenario, as expected, the bound RPA was rapidly exchanged by the free dark wtRPA, which was confirmed the sharp decline in overall RPA-RFP signal intensity (Fig. 5 , A and C). In the second case, there was also a decrease in RPA-RFP signal intensity, but this reduction was smaller compared to the experiment without RAD52 (Fig. 5 , B and C).
We further studied the mechanism of this inhibition by examining the spatial relationship between the bound GFP-RAD52 complexes and the RPA-RFP that remained bound following the wtRPA chase. Inspection of this data revealed co-localization of bound GFP-RAD52 with exchange resistant RPA-RFP (Fig. 5D ). This finding was also confirmed by correlation analysis, which revealed that the areas bound by exchange-resistant RPA-RFP were correlated with the presence of GFP-RAD52 complexes (Pearson's r ϭ 0.66; P Ͻ 1 ϫ 10 Ϫ5 ; N ϭ 820) (Fig. 5E ). Together, these findings suggest that human RAD52 had an inhibitory effect on RPA-facilitated exchange.
RAD52 during presynaptic complex assembly
The role of human RAD52 in HR remains unknown. To help better understand its potential function(s), we next asked how GFP-RAD52 behaves during assembly of the RAD51 presynaptic complex. To determine the fate of GFP-RAD52 during pre- All hRPA-ssDNA molecules are anchored at both ends. 5Ј anchoring is achieved with biotin-streptavidinbiotin linkage to the modified lipids in the bilayer and aligned at the zig-zag shaped chromium barriers. 3Ј is anchored through nonspecific binding to the exposed chromium pedestals. B, wide-field image of RPA-RFP (magenta) bound to ssDNA in the absence of RAD52. C, wide-field image of RPA-RFP (magenta) curtain in the presence of 50 pM GFP-RAD52 (green). D, wide-field image of GFP-RAD52 (50 pM; green) bound to an wtRPA-ssDNA curtain (unlabeled). E, wide-field image of GFP-RAD52 (600 pM; green) bound to an wtRPAssDNA curtain (unlabeled).
synaptic complex assembly, we first prepared single-tethered RFP-tagged RPA-ssDNA curtains, and we then injected 200 pM GFP-RAD52 into the sample chamber ( Fig. 6A ). Under these conditions, we observed extensive co-localization of GFP-RAD52 and RPA-RFP on the ssDNA (Fig. 6B ). We used singletethered curtains for these measurements so that we could observe the binding of GFP-RAD52 and RPA-RFP and also independently monitor the binding of wild-type (unlabeled) RAD51 based upon the observed changes in length of the ssDNA molecules, as previously described (65, 72) . Next, we injected 1 M human RAD51 in buffer containing 30 mM Tris (pH 7.4), 1 mM MgCl 2 , 5 mM CaCl 2, 100 mM KCl, 0.2 mg/ml BSA, 1 mM DTT, and 2 mM ATP. We then observed the reactions in real time with constant buffer flow; constant buffer flow is necessary to maintain the single-tethered ssDNA extended parallel to the sample chamber surface (65, 72) . As expected, introduction of RAD51 into the sample chamber resulted in an increase in the apparent length of the ssDNA, which coincided with a loss of RPA-RFP fluorescence signal intensity (Fig. 6B) . Interestingly, the GFP-RAD52 signal also decreased upon assembly of the presynaptic complex, indicating that RAD51 displaced some of the RAD52 from the ssDNA. Quantitation of the total fluorescence signal intensity integrated across the entire length of the ssDNA for GFP-RAD52 and RPA-RFP indicated that RAD51 binding under these conditions resulted in displacement of ϳ75 and ϳ60% of the RPA and RAD52, respectively (Fig. 6C) . Interestingly, some RAD52 remained bound to the ssDNA even after RAD51 binding (Fig. 6B) . Side-by-side comparison of the GFP and RFP fluorescence signals demonstrated that RAD52 was co-localized with small clusters of RPA that also remained associated with the presynaptic complex after RAD51 binding (Pearson's r ϭ 0.70; P Ͻ 1 ϫ 10 Ϫ5 ; N ϭ 323) (Fig. 6, B and D) . These findings show that small clusters of RAD52 and RPA can remain associated with the presynaptic complex, and these clusters are interspersed between the RAD51 filaments. 
Binding of RAD52 on the presynaptic filament
We next sought to determine whether additional RAD52 could associate with the presynaptic complex after binding of RAD51. For this, we assembled RFP-tagged RPA-ssDNA and then added 200 pM GFP-RAD52, followed by 1 M RAD51 in the presence of ATP and Ca 2ϩ , as indicted above. As expected, the addition of RAD51 caused the length of the ssDNA to increase, and some RPA-RFP and GFP-RAD52 remained bound to the ssDNA (Fig. 7A) . Next, we injected an additional 2 nM GFP-RAD52 into the sample chamber while monitoring the length and fluorescence signal of the presynaptic complexes (Fig. 7B) . Notably, the addition of just 600 pM GFP-RAD52 in the absence of RAD51 results in complete coverage of the ssDNA by RAD52 (Fig. 1E) . However, we do not detect extensive new binding of GFP-RAD52 to the presynaptic complex, and we do not detect substantial new GFP-RAD52 binding to regions that had been previously devoid of RAD52 (Fig. 7B) . This assertion was verified by comparing spatial distribution of the normalized GFP-RAD52 fluorescence signals along the presynaptic complex before and after the 2 nM GFP-RAD52 injection (Pearson's r ϭ 0.67; P Ͻ 1 ϫ 10 Ϫ5 ; N ϭ 518) (Fig. 7C) . Even though GFP-RAD52 did not appear to bind to many new locations, there was still an overall increase in the fluorescence signal at locations corresponding to the pre-existing GFP-RAD52 clusters (Fig. 7D, right panel) , which was confirmed by analysis of the fluorescence signal intensities before and after injection of 2 nM GFP-RAD52 (Fig. 7D, left panel) . Together, these observations are most consistent with a model where ssDNA-bound RAD51 filaments exclude the binding of new RAD52, but additional RAD52 can interact with the presynaptic complex through association with pre-existing RAD52 clusters.
Disassembly of the presynaptic filament
We next asked whether additional RAD52 could bind to the ssDNA after dissociation of RAD51. We have previously shown that Ca 2ϩ promotes assembly of the human RAD51 presynaptic complex (72), consistent with prior reports from bulk biochemical assays (75, 76) . Therefore, we initiated presynaptic complex disassembly by switching to buffer that contained 2 nM GFP-RAD52 and 1 nM RPA-RFP but lacked ATP and Ca 2ϩ . Under these conditions, the signal tethered ssDNA gradually shortened, indicating that RAD51 was undergoing dissociation, and at the same time the fluorescence signal increased for both GFP-RAD52 and RPA-RFP (Fig. 7, E and F) . These results confirm that additional GFP-RAD52 and RPA-RFP can bind to the ssDNA substrate, but only after RAD51 has dissociated from the ssDNA. These results provide additional support for the conclusion that RAD52 cannot bind directly to human RAD51 filaments.
Discussion
Here we used ssDNA curtains to study the interactions of human RAD52 with the early intermediates of the homologous recombination pathway. We demonstrate that human RAD52 binds tightly to RPA-ssDNA. At low protein concentrations (50 pM), RAD52 binds as discrete complexes that are positioned randomly along the length of the RPA-ssDNA. When the concentration of RAD52 is increased to 600 pM, the protein appears to coat the entire length of the RPA-ssDNA. Interestingly, there is no evidence that RPA is displaced from the ssDNA even at these highest concentrations of RAD52, indicating that both proteins can extensively co-occupy the ssDNA prior to the arrival of RAD51. The RAD52 complexes are extremely stable, and we can see no evidence for RAD52 dissociation from the RPA-ssDNA complexes even when viewed over a 100-min observation period. In addition to these results with double-tethered ssDNA, we can also observe extensive RAD52-dependent compaction of single-tethered ssDNA molecules (not shown). This compaction can be reversed by displacement of RAD52 from the ssDNA by the addition of either 7 M urea (not shown). These observations are consistent with the ring-like structure of RAD52 and the fact that its ssDNA-binding domain follows the circular contour of this surface, which would necessitate a reduction in the apparent end-to-end distance for any bound ssDNA, as has been previously reported (51) .
RAD52 interactions with recombination intermediates
We find some striking similarities, as well as some notable differences, between the results we report here for human RAD52 and results we have previously reported for S. cerevisiae Rad52 (65) . Both yeast and human RAD52 bind tightly to RPAssDNA, and both also appear to restrict the facilitated exchange of RPA when free RPA is present in solution. When RAD51 is added to the reactions, much of the RPA and RAD52 dissociate from the ssDNA, but small clusters of RPA and RAD52 remain interspersed between the resulting RAD51 filaments. Retention of these RPA-RAD52 clusters within the presynaptic complex is another trait shared between the yeast and human systems. We do not yet know whether these RPA-RAD52 clusters reflect biologically relevant breaks in the RAD51 filament, or whether they might arise because of the limited complement of HR proteins used in our in vitro assays. Future work will be necessary to explore these and other possibilities.
The most pronounced difference for the human and yeast RAD52 proteins occurs after addition of RAD51. For the S. cerevisiae proteins, we find that RPA and RAD52 can both bind extensively to the assembled presynaptic complex (65) . These new binding events initiate at pre-existing clusters of RPA-Rad52 and can then appear to spread along the Rad51 filaments, but with no evidence that Rad51 is displaced from the ssDNA (65) . Thus, the S. cerevisiae system appears to allow for assembly of more extensive Rad51-RPA-Rad52-ssDNA cocomplexes. We have previously speculated that the presence of S. cerevisiae RPA and Rad52 in these co-complexes may facilitate some downstream step(s) in recombination (65), such as second strand capture, which is thought to require RAD52 (35) . In contrast, we cannot detect extensive rebinding of either RPA or RAD52 to the human presynaptic complexes. We do detect some binding of additional RAD52 and RPA to pre-existing RPA-RAD52 clusters, but this rebinding is modest when compared with the yeast proteins, and we find no evidence that either human RPA or human RAD52 can spread into the RAD51 filaments. Therefore, if additional human RAD52 is required to participate in any downstream recombination steps, then it must enter the pathway at some stage downstream of RAD51 filament assembly and does not appear to interact extensively with the ssDNA-bound RAD51, or perhaps additional protein components of the presynaptic complex, such as the RAD51 paralogs, may be needed to allow further association of human RAD52. Future work will be necessary to explore these possibilities.
Interestingly, our results show that human RAD52 binds very tightly to RPA-ssDNA in vitro, with essentially no turnover on our experimental time scales. Fluorescently labeled RAD52 forms recombination foci that co-localize with DNA damage in vivo (66 -68) . Previous fluorescence recovery after photobleaching studies have shown that mammalian RAD52 undergoes rapid exchange between free and bound states within these repair foci, whereas RAD51 is largely immobile (69) . Our in vitro studies do not necessarily contradict these findings because there are three key experimental differences that likely contribute to different outcomes for RAD52 turnover. First, we find that RAD52 binds extensively and tightly to RPA-ssDNA, but much of this bound protein is displaced upon addition of RAD51. There is a much more limited association of RAD52 with the presynaptic complex after RAD51 binding. The in vivo fluorescence recovery after photo-bleaching measurements were made under conditions where RAD51 was already present and so may not report on RAD52 association with RPA-ssDNA without RAD51 present (69) . Second, our observations raise the question of what might be the relevant concentrations of RPA, RAD52 and RAD51 in vivo. Unfortunately, it is notoriously difficult to measure in vivo protein concentrations, although recent estimates suggest that human cells have on the order of 100 nM RAD51 and 1 M RPA (77) . We are unaware of any estimates for RAD52 concentrations in mammalian cells, although Rad52 concentrations in yeast have been reported from 1 to 20 nM (77, 78) . However, we urge caution in interpreting these values with respect to either our data or the concentrations of these protein that are necessary for DNA repair in vivo, because the relevant in vivo concentrations must take into account the fact that these repair factors form subnuclear foci in response to DNA damage (79) . Any interpretation of relevant in vivo protein concentrations requires an understanding of the local concentrations within repair foci, and to our knowledge such information is not yet available (79) . Therefore, it remains a significant future challenge to define the concentrations of proteins within repair foci. Third, at this stage our experiments include only a very limited subset of the proteins known to associate with the presynaptic complex. It is possible, if not likely, that the presence of additional protein factors will have an impact upon the binding and turnover characteristics of RAD52, as well as any other proteins associated with the presynaptic complex. Similarly, RAD52 is regulated by both phosphorylation and sumoylation (80 -85) , and these post-translational modifications may have an impact upon its behavior in our assays. Future ssDNA curtain studies incorporating more recombination protein components and protein modifications may help continue to shed new light on the behaviors and properties of the human presynaptic complex.
Experimental procedures
Protein expression and purification
RPA was purified as previously described (72) . His 6 -tagged human RAD52 and His 6 -tagged GFP-tagged human RAD52 were expressed in Escherichia coli Rosetta cells. For brevity, we
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refer to these His 6 -tagged proteins as RAD52 and GFP-RAD52 throughout. A single colony was inoculated into 1 liter of LB containing 50 g/ml carbenicillin and induced at 0.8 A 600 using 0.5 mM isopropyl ␤-D-thiogalactopyranoside. The cells were grown overnight at 16°C and then harvested by centrifugation at 4000 ϫ g for 25 min at 4°C. The cell pellet was resuspended in lysis buffer (500 mM NaCl, 20 mM Tris, pH 7.5, 2 mM ␤-mercaptoethanol, 5 mM imidazole, 10% glycerol, and 0.5 mM PMSF) and then lysed by sonication. The lysate was clarified by centrifugation at 25,000 rpm for 30 min at 2°C, and ammonium sulfate was added to achieve 30% saturation. A stir bar was placed in the beaker, and the mixture was stirred for 30 min at 4°C. The solution was spun at 9000 rpm for 15 min at 4°C, and the pellet was dissolved in NTA buffer (40 mM KPO 4 , pH 7.5, 600 mM NaCl, 20 mM imidazole, 4 mM ␤-mercaptoethanol) using a pipette. The resuspension was filtered through a Whatman filter to remove any undissolved precipitate. The protein solution is then bound to Ni-NTA resin (Qiagen) equilibrated in NTA buffer for 1 h in batch at 4°C on a rotator. The Ni-NTA resin was then washed with NTA buffer with 30 mM imidazole and eluted using NTA buffer with 300 mM imidazole. The pooled fractions were dialyzed into R buffer (50 mM KCl, 20 mM TrisHCl, pH 7.4, 1 mM DTT, 1 mM EDTA, 10% glycerol) and bound onto an ssDNA column (lyophilized powder, D8273; SigmaAldrich). The column was washed with R buffer with 110 mM KCl and eluted with a 0.05-3 M KCl gradient. The pooled fractions were dialyzed into R150 buffer (150 mM KCl, 20 mM TrisHCl, pH 7.4, 1 mM DTT, 0.5 mM EDTA, 50% glycerol) overnight at 4°C using 10,000 molecular weight cutoff SnakeSkin TM dialysis tubing (Thermo Fisher Scientific). The protein concentrations were measured using 280-nm absorbance.
Single-strand DNA annealing assays
These assays used two complementary oligonucleotides A (5Ј-AAA TAG ACA GAT CGC TGA GAT AGG TGC CTC  ACT GAT TAA GCA TTG GTA ACT GTC AGA CCA AGT  TTA CTC ATA TAT ACT TTA GAT TGA TTT-3Ј) and B  (5Ј-AAA TCA ATC TAA AGT ATA TAT GAG TAA ACT  TGG TCT GAC AGT TAC CAA TGC TTA ATC AGT GAG  GCA CCT ATC TCA GCG ATC TGT CTA TTT-3Ј) . Oligonucleotide A (90-mer, 3.6 M nucleotide) and P 32 -labeled oligonucleotide B (90-mer, 3.6 M nucleotide) were incubated in separate tubes with 0.6 M RPA, as indicated, in 20 l of reaction buffer (35 mM Tris-HCl, pH 7.5, 1 mM DTT, 2 mM MgCl 2 , 100 g/ml BSA, and 50 mM KCl) at 30°C for 5 min. RAD52 (0.7 M) or GFP-RAD52 (0.7 M) was added to the mixture containing oligonucleotide A, and the two reaction mixes were then combined and incubated at 30°C. After the indicated incubation times, 9 l of the reaction mixture was transferred to a tube containing 9 l of 36 M oligonucleotide B, 1% SDS, 1 g/l proteinase K, and then incubated for 5 min at 37°C. The resulting DA species were resolved by 8% PAGE in 1ϫ TAE buffer, and the percentage of product formation (dsDNA) was quantitated by phosphorimaging analysis.
Single-stranded DNA curtains
Flow cells were prepared as previously described (70, 71, 86) . Biotinylated ssDNA was made by rolling circle replication using a circular M13 ssDNA template, a biotinylated primer, and phi29 DNA polymerase, as described (70) . For the extension and visualization of the ssDNA curtain, hRPA-eGFP or hRPA-RFP (1 nM) was injected into the sample chamber at 1 ml/min in BSA buffer (40 mM Tris, pH 8.0, 2 mM MgCl 2 , 1 mM DTT, and 0.2 mg/ml BSA). After 2 min, 150 l of 7 M urea was flushed through the sample chamber to help remove any remaining ssDNA secondary structure, and flow with 1 nM hRPA was continued for another 15 min to ensure that both ends of the ssDNA were anchored to the flow cell surface. This step is also performed for single-tethered ssDNA curtains.
TIRF microscopy and data analysis
Nikon Eclipse Ti-E with a Perfect Focus System microscope with Nikon CFI PLAN APO 60ϫ objective was used for imaging. The signals were captured by two Andor iXon X 3 EMCCD cameras. Temperatures for the experiments were maintained through an objective heater and a custom-made slide heater. The data from the cameras were acquired and saved on the computer with the NIS-Elements software and then converted to tiff stacks for analysis using Fiji (ImageJ 1.48b; Wayne Rasband, National Institutes of Health).
RAD52-binding experiments
All RAD52-binding experiments were performed at 37°C using HR buffer (30 mM Tris-acetate, pH 7.5, 20 mM magnesium acetate, 50 mM KCl, 1 mM DTT, 0.2 mg/ml BSA). RAD52 binding measurements were made on preassembled RPA (wildtype or RFP)-ssDNA complexes in a double-tethered curtain unless otherwise indicated. Free RPA protein was washed away from the flow cell before binding of RAD52. RAD52-binding sites and intensity distributions were determined based on data from ssDNA-RPA-RFP curtains after the injection of 50 pM of RAD52-eGFP. The positions of RAD52 complexes were first determined by visual inspection. Intensity distribution is based on the raw pixel intensity measured at the positions of RAD52 complexes. RAD52 lifetime measurements were made with ssDNA-RPA-RFP curtains after the injection of 50 pM of RAD52-eGFP. After all free protein was washed away from the flow cell, buffer flow was stopped, and the complexes were monitored at 1-or 20-s intervals for a total of 12 min or 2 h, respectively, with 100-ms exposures. RPA chase experiments were conducted as previously described (65, 71, 72) . After assembly of ssDNA-RPA-RFP, buffer flow without RPA was continued to wash out any residual fluorescent RPA molecules. RPA chase was done with an injection of 100 nM of wild-type RPA. In the case of RAD52, 50 pM of RAD52-eGFP was injected after the RPF-RFP was washed away from the flow cell. Free RAD52 was subsequently washed away before the wild-type RPA chase. RPA turnover was assessed through the quantitation of the RPA-RFP signal over time. Co-localization analysis was done by analyzing the normalized signal intensities for the green and the red channels individually (representing RAD52 or RPA signals) for each pixel along the ssDNA molecules. The co-localization of RAD52 and RPA after the wild-type RPA chase was evaluated using Pearson correlation analysis.
Presynaptic complex assembly
RAD51 filaments were formed at 37°C using HRA buffer (30 mM Tris, pH 7.4, 1 mM MgCl 2 , 5 mM CaCl 2, 100 mM KCl, 0.2 mg/ml BSA, 1 mM DTT, and 2 mM ATP). After forming ssDNA-RPA complexes, free RPA proteins were washed from the flow cell with HRA buffer flow for at least 2 min at 1 ml/min. RAD51 (1 M) was injected through a 50-l sample loop for doubletethered experiments (at 1 ml/min) or through a 1-ml loop for single tethered experiments (at 0.2 ml/min). The images were acquired at 2-s intervals. Co-localization analysis was done as described above by analyzing the normalized signal intensity for the green and red channels individually for each pixel along the ssDNA molecules. The correlation was evaluated using Pearson correlation analysis.
RAD52 and RPA binding to the presynaptic complex
Presynaptic complexes were formed as described above. After formation of the presynaptic complex, 2 nM GFP-RAD52 and 1 nM RPA-RFP were injected through the same 1-ml loop at 0.2 ml/min into the flow cell. Binding of RAD52 and or RPA were directly visualized through an increase in the signal intensity of the red and green channels. RPA and RAD52 co-localization analysis was done as described above. Where indicated, filament was disassembled through the removal of calcium and ATP from the HRA buffer, as previously described (72) . The length of the single tethered DNA molecules during the disassembly of the presynaptic filament was determined by analyzing the smoothed kymograms and defining the local minimum in the first derivative of the signal intensities nearest to the bottom of the kymographs (where the 3Ј ssDNA ends were located). The first derivative is expected to have a minimum peak when the signal decreases abruptly from the 3Ј ends of DNA to the background; the pixel positions for these minima are used to approximate the lengths of the DNA molecules for each frame (time point) in the kymogram. These identified edges were then manually verified by eye.
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